To address questions of whether brain-derived neurotrophic factor (BDNF) released from active excitatory neurons acts locally only on GABAergic presynaptic terminals contacting these neurons or generally also on GABAergic terminals contacting other inactive neurons, we developed a single-cell gene knock-out method in organotypic slice culture of visual cortex of floxed BDNF transgenic mice. A biolistic transfection of Cre recombinase with green fluorescence protein (GFP) plasmids to layer II/III of the cortex resulted in loss of BDNF in a single neuron or a small number of neurons, which expressed GFP at 13-14 d in vitro. Analysis with in situ hybridization and immunohistochemistry confirmed that neurons expressing GFP lacked BDNF mRNA and protein, respectively. Analysis with immunohistochemistry using antibody against GABA synthesizing enzyme showed that the number of GABAergic terminals on the soma of BDNF knock-out neurons was smaller than that of neighboring control neurons. Morphological analysis indicated that there was no significant difference in the soma size and branch points and length of dendrites between the BDNF knock-out and control neurons. Recordings of miniature IPSCs (mIPSCs) showed that the frequency of mIPSCs of BDNF knock-out neurons was lower than that of control neurons, although the amplitude was not significantly different, suggesting the smaller number of functional GABAergic synapses on whole the BDNF knockout neuron. The present results suggest that BDNF released from postsynaptic target neurons promotes the formation or proliferation of GABAergic synapses through its local actions in layer II/III of visual cortex.
Introduction
Brain-derived neurotrophic factor (BDNF) plays a crucial role in synaptic development and plasticity in the CNS (for review, see Bibel and Barde, 2000; Huang and Reichardt, 2001; Poo, 2001; Lu, 2003) . In particular, BDNF was reported to regulate development of inhibitory synapses mediated by GABA. For example, BDNF promotes the phenotype differentiation and dendritic development of GABAergic neurons in the cerebral cortex (Ip et al., 1993; Nawa et al., 1993; Marty et al., 1996; Rutherford et al., 1997; Yamada et al., 2002; Jin et al., 2003; Kohara et al., 2003) and increases the density of inhibitory synapses or the size of inhibitory terminals of hippocampal and neocortical neurons (Vicario-Abejon et al., 1998; Bolton et al., 2000; Marty et al., 2000; Palizvan et al., 2004) . Furthermore, an overexpression of BDNF accelerates maturation of GABAergic innervation in visual cortex and enhances expression of GABA synthetic enzyme in GABAergic terminals in cultured hippocampal neurons (Ohba et al., 2005) .
Because GABAergic neurons cannot produce BDNF by themselves (Ernfors et al., 1990; Cellerino et al., 1996; Rocamora et al., 1996; Gorba and Wahle, 1999) , they are supposed to receive BDNF from other, excitatory neurons in an activity-dependent manner (Marty et al., 1997; Jin et al., 2003; Kohara et al., 2003) . In the cerebral cortex, single GABAergic neurons are known to innervate many excitatory neurons through extensive axon branches (Fairen et al., 1984; Meinecke and Peters, 1987; Somogyi, 1998) . Thus, there are two possible modes of action through which BDNF promotes formation or proliferation of GABAergic synapses: a global action on all GABAergic synaptic terminals from inhibitory neurons that receive BDNF from active, excitatory neurons or a local action only on individual GABAergic terminals directly connected to active excitatory neurons (see Fig. 10) . Distinguishing between these two possibilities is fundamental to understanding the role of BDNF in the formation and operation of cortical inhibitory circuits.
This question has not adequately been addressed previously, because the previous studies were performed with the diffuse application of exogenous BDNF or with the nonphysiological level of BDNF. To test the possibility of local actions of endogenous BDNF on GABAergic synapses at single excitatory neurons, it is also inappropriate to use preparations derived from conventional or even area-specific BDNF knock-out (KO) mice. In these preparations, all neurons in a given area of the cortex lack BDNF so that it is difficult to examine local actions of endogenous BDNF on inhibitory synapses at particular neurons.
To overcome these problems, we developed a single-cell gene knock-out method in organotypic slice culture of visual cortex, in which endogenous BDNF is lacking in a single cell or a small number of cells located in layer II/III of the cortex. We found that the formation or proliferation of functional GABAergic synapses at layer II/III neurons was impaired when there was no BDNF in these neurons, and such an effect was not observed in neighboring control neurons, suggesting that endogenous BDNF acts locally on GABAergic synapses contacting BDNF-producing neurons.
Materials and Methods
Organotypic slice culture. The floxed BDNF transgenic mice (The Jackson Laboratory, Bar Harbor, ME) possessing loxP sites on both sides of exon 5 of BDNF gene that encodes mature BDNF protein (Rios et al., 2001) were used. The expression levels of BDNF and its high-affinity receptor TrkB in the cerebral cortex of these transgenic mice were not significantly different from those of wild-type mice (data not shown). The experimental procedures met the regulation of the Animal Care Committee of Osaka University Graduate School of Medicine. The animals at postnatal 3 or 4 d were anesthetized with ketamine (Ͼ30 mg/kg, i.p.) and decapitated, and brain slices (400 m thick) were dissected from the posterior area of the cerebral cortex, corresponding to visual cortex and were cultured on Millicell membrane inserts (Millipore, Bedford, MA). Each well was filled with 1 ml of culture medium consisting of 25% HBSS, 25% horse serum, 50% minimum essential medium, and 0.65% glucose. Cytosine arabinoside (1 mM, 2.5 l) was applied to each well at 2 d in vitro (DIV). The slices were kept in a humidified incubator at 37°C with a 5% CO 2 -enriched atmosphere, and half a volume of the medium was changed every 3 or 4 d. As control, cortical slices were prepared from wild-type mice (BALB/c; Japan Animals, Osaka, Japan) in the same way as above. In some experiments, 30 g/ml anti-BDNF chicken antibody (Promega, Madison, WI) was applied to slices through the medium at 5 DIV and, at the time when the medium was changed, to block possible intercellular transfer of endogenous BDNF.
Plasmid cDNA and its biolistic transfection by gene gun. The two kinds of plasmids were used: plasmids containing enhanced green fluorescent protein (GFP)-N1 (Clontech, Palo Alto, CA) and those containing CAG promoter and Cre recombinase with nuclear localized signals (Niwa et al., 1991 , Kanegae et al., 1995 . Slices were transfected with these plasmids using a Helios gene gun (Bio-Rad, Hercules, CA). Gene gun cartridges were prepared according to the reported methods (Wirth and Wahle, 2003) . In brief, gold particles (1.6 m diameter) were coated with the two kinds of plasmid DNAs at a ratio of 1 mg of gold to 1 g of GFP plasmid and 2 g of Cre recombinase plasmid, attached onto the inner wall of Tefzel tubing, and the tubes were cut into individual cartridges. Each cartridge contained ϳ0.1 mg gold particles. At 4 -5 DIV, gold particles were applied to the slices under 120 -140 psi helium pressure. To avoid physical damages of slices and to reduce the amount of gold particles reached to neurons, nylon mesh was attached to the muzzle of gene gun. In situ hybridization. In situ hybridization for mRNAs of BDNF and GFP was performed as described previously (Schaeren-Wiemers and Gerfin-Moser, 1993; Morishita et al., 2004) . In brief, the cultured slices were freshly frozen in the organotypic culture compound at 13-14 DIV and were cut in the thickness of 7 m. The full-length cRNA probes of GFP were synthesized using T3/T7 RNA polymerase (Roche, Basel, Switzerland) and labeled with fluorescein. The BDNF cRNA probes labeled with digoxigenin were used (Genostaff, Tokyo, Japan). These two probes were hybridized to frozen sections. To amplify the digoxigenin signals, the probes were detected using an antidigoxigenin antibody-conjugated alkaline phosphatase (1:1000; Roche) and nitro blue tetrazolium chloride (NBT)/5-bromo-4-chloro-3-indolyl phosphate toluidine salt (BCIP) (1: 50; Roche). To amplify the fluorescein signals, the probes were detected using anti-fluorescein peroxidase (1:1000; Roche), the tyramide signal amplification plus 2,4-dinitro-phenyl (DNP) system (PerkinElmer, Wellesley, MA), and anti-DNP antibody conjugated with Alexa 488 (Invitrogen, Carlsbad, CA). The sense controls showed no hybridization signals (data not shown). Alkaline phosphatase staining by NBT/BCIP does not affect or quench the fluorescent signals of mRNAs (Gorba and Wahle, 1999; Tanaka and Ezure, 2004) . The fluorescence and bright-field images were taken by a cooled CCD camera (DP50; Olympus, Tokyo, Japan) attached to an inverted fluorescence microscope (IX70; Olympus).
Immunohistochemistry. For immunohistochemical staining, slices were fixed with 4% paraformaldehyde (Sigma, St. Louis, MO) in PBS for 2 h and washed with PBS at 13-14 DIV. Then they were penetrated by 0.3% Triton X-100 in PBS for 30 min and were incubated with 5 or 10% goat serum for blocking for 1 h. The first antibody, anti-GFP mouse or rabbit antibody (1:500; Invitrogen), anti-Cre mouse antibody (Covance Research Products, Berkeley, CA), anti-BDNF rabbit polyclonal antibody (1:100; provided by R. Katoh-Semba, Institute For Developmental Research, Aichi Human Service Center, Kasugai, Japan) (Katoh-Semba et al., 1997) , and anti-glutamic acid decarboxylase (GAD) 65 mouse antibody (isotype, IgG2a; 1:500 or 1000; Chemicon, Temecula, CA) were applied at 4°C for 48 or 60 h. The secondary antibody, anti-mouse antibody conjugated with Alexa 488, 647 (1:200 or 300; Invitrogen), Alexa 546 (1:2000; Invitrogen), and anti-rabbit antibody conjugated with Alexa 488, 647 (1:200) were applied at 4°C for 24 -48 h. Neurotracer 435 or 555 (1:50; Invitrogen) was used for fluorescence Nissl staining. In some experiments, anti-GABA A receptor mouse antibody (1:100; Chemicon) was used as primary antibody and treated without Triton X-100 to visualize surface GABA A receptors. The fluorescence images were captured on 1 m focal plane of fluorescence by an inverted confocal microscope (LSM500; Zeiss, Oberkochen, Germany) or an upright confocal microscope (FV1000, Fluoview; Olympus). In part of the experiments, fixation of slices and subsequent procedures for BDNF immunostaining were made at 7, 10, and 11 DIV.
Analysis of the number of GAD65-positive boutons around soma. GFPpositive neurons in cortical layer II/III were randomly selected at 13-14 DIV, and their fluorescence images were analyzed at the focus position in which the diameter of their somas were largest. Then, its neighboring neurons as controls were analyzed in the same way as above. In part of the experiments, biocytin (0.2%) was injected into fast-spiking cells, which were assumed to be GABAergic (Kawaguchi and Kubota, 1997; Markram et al., 2004) and to innervate both GFP-positive and neighboring control neurons. Then, the slices were fixed and stained with anti-GAD65 antibody, as mentioned above. The secondary antibody, anti-mouse IgG2a antibody conjugated with Alexa 647 (1:300; Invitrogen) and rhodamine avidin D (1:300; Vector Laboratories, Burlingame, CA) were applied at 4°C for 24 -48 h, for visualization of GAD65 and biocytin, respectively. Neurotracer 435 (1:50; Invitrogen) was used for fluorescence Nissl staining. The z-stack fluorescence images were captured by the upright confocal microscope (FV1000; Olympus)
For analysis of the number of GAD65-positive boutons, GAD65 fluorescence images were binarized by the 2.5-fold level of the mean fluorescence intensity on the 2 ϫ 2 m square in the soma of neighboring control neurons. Secondary, the fluorescence images of Nissl-stained cortex were binarized by the twofold level of the mean fluorescence intensity of background, and the borderlines were traced. To count the number of perisomatic boutons, the borderlines were expanded to outside by 0.5 m, unless otherwise mentioned. The binarized GAD65-positive boutons within the expanded borderlines were defined GAD65-positive terminals around the soma. To minimize an underestimation of the number of superposed boutons, boutons that had more than two peaks on the 3.5-fold level of the mean fluorescence intensity were defined as consisting of plural boutons. Tracing the borderlines and calculating the number of GAD65-positive boutons around soma were performed by luminavision (Mitani, Tokyo, Japan). In some experiments, such an analysis was performed in untransfected slices, which were fixed at 6, 9, 12, and 15 DIV and processed for GAD65 immunostaining. For analysis of the z-stack images, the images were saved as TIFF files and combined using MetaMorph software (Molecular Devices, Downingtown, PA). Then, the number of GAD65-positive boutons across the soma was calculated, as described above.
Analysis of dendritic morphology. For morphological analysis of dendrites of BDNF-KO and adjacent control neurons, biocytin was injected into the control neurons. After having recorded fluorescent images, neurons were fixed overnight in 4% paraformaldehyde at 4°C and then rinsed in PBS for three times. After blocked overnight at 4°C in 10% goat serum and 1% Triton X-100, neurons were incubated with anti-GFP IgG (at 1:250 in PBS and 0.5% Triton X-100; Invitrogen) for 2-3 d, again rinsed in PBS for three times, and incubated in biotin-conjugated rabbit IgG (at 1:500 in PBS and 0.5% Triton X-100; Invitrogen) for 2-3 d. Then ABC kit (Vector Laboratories) and 3,3Ј-diaminobenzidine (Sigma) was used for visualization of biocytin and biotin. Neurolucida (MicroBrightField, Williston, VT) attached to an upright microscope (E600; Nikon, Tokyo, Japan) was used for drawing dendrites of neurons. The quantitative assessment of dendritic morphology was done with an analyzing software, Neuroexplore (MicroBrightField) .
Electrophysiology. To analyze miniature IPSCs (mIPSCs) in transfected neurons and their neighboring cells in layer II/III, whole-cell recordings were performed as described previously (Yasuda et al., 2003) . Briefly, 8 -10 d after transfection, cultured slices were superfused with the external solution containing the following (in mM): 119 NaCl, 2.5 KCl, 4 MgCl 2 , 4 CaCl 2 , 26.2 NaHCO 3 , 1 NaH 2 PO 4 , and 11 glucose (gassed continuously with 95% O 2 and 5% CO 2 ). To record mIPSCs, 10 M 6-cyano-7-dinitroquinoxaline-2,3-dione (CNQX) and 50 M D-2-amino-5-phosphonovaleric acid, in addition to 0.5 M tetrodotoxin (TTX), were included in the external solution. Whole-cell recording pipettes (5-7 M⍀) were filled with the internal solution containing the following (in mM): 135-140 CsCl, 10 HEPES, 0.2 EGTA, 8 NaCl, 4 MgATP, and 0.3 Na 3 GTP, pH 7.2 with CsOH (osmolality adjusted to 280 -290 mOsm). GFP-positive neurons were identified by fluorescence, and a pair of GFP-positive and its neighboring neurons were patched simultaneously under visual guidance (BX50WI; Olympus). Neurons were voltage clamped at Ϫ70 mV with a multiclamp amplifier (model 700; Molecular Devices, Palo Alto, CA), and input and series resistances were monitored continuously. Recordings of mIPSCs were performed at 2 kHz with Igor Pro software (WaveMetrics, Lake Oswego, OR). Usually, Ͼ300 consecutive events were collected and then analyzed with Mini Analysis software (Synaptosoft, Decatur, GA). All miniature events above a threshold value (5 pA) were included in the data analysis, and each event was verified visually. Mean amplitudes and frequencies of mIPSCs were calculated and statistically analyzed with paired t test otherwise mentioned.
Results

Single-cell gene knock-out in organotypic slice culture preparations
To investigate effects of a lack of local endogenous BDNF on the formation or proliferation of GABAergic synapses in visual cortex, we used organotypic slice cultures that were prepared from floxed BDNF transgenic mice, in which two loxP sites were inserted at both sides of BDNF gene (Fig. 1 A) . It is well known that bacteriophage P1-derived Cre mediates recombination and deletes the gene inserted between two loxP sites (Tsien et al., 1996) . Thus, BDNF genes in neurons are expected to be knocked out when Cre recombinase is introduced in these neurons. Transfected neurons were marked with simultaneous introduction of GFP genes. To make the distribution of transfected neurons extremely sparse, nylon mesh was attached to the muzzle of gene guns. Usually, only one neuron that expressed GFP in the soma region and Cre in the nuclear region was detected among many neurons in a visual field under a microscope (112 ϫ 112 m, at an optimal slice of 30 m thick), as shown in Figure 1 , C and D.
To confirm that GFP-positive cells did not express BDNF mRNA, we stained slices with double in situ hybridization of BDNF and GFP signals at 13-14 DIV (9 -10 d after the transfection). As shown in Figure 2 A-D, BDNF mRNA was not detectable in a neuron that expressed GFP mRNA (Fig. 2 A-C, arrows) . As expected, many control neurons located in the vicinity of the GFP-expressing neuron showed signals of BDNF mRNAs (Fig.  2 B, C) . That these signals actually represent the existence of mRNAs was confirmed by negative staining with BDNF sense probes (Fig. 2 D) . To further confirm that BDNF protein is not present in GFP-expressing neurons, slices were stained with immunohistochemistry using anti-BDNF antibody and anti-GFP antibody at 13-14 DIV. As shown in Figure 2 E-H, the immunoreactivity to anti-BDNF antibody was not detected in a GFP-positive transfected neuron (G, H, arrows), although many GFP-negative neurons showed BDNF immunoreactivity.
In part of the experiments, we tested when BDNF protein became undetectable after the transfection of Cre recombinase. For this, we stained slices in the same way as above at 7, 10, and 11 DIV, which corresponded to 3, 6, and 7 d after the transfection. At 7 DIV, all of the 21 GFP-positive cells showed BDNF immunore- activity. At 10 DIV, only 5 of the 26 GFPpositive cells were immunoreactive, and, at 11 DIV, none of the 28 GFP-positive cells showed such immunoreactivity. Thus, BDNF protein became undetectable from the soma of transfected neurons at least 2-3 d before the time when slices were fixed for immunohistochemical analysis of GAD65-positive terminals or used for electrophysiological recordings of mIPSCs.
With both in situ hybridization and immunohistochemistry, we confirmed that the single-cell gene knock-out method of BDNF is applicable to organotypic slice culture preparations of mouse visual cortex.
Local reduction of GABAergic presynaptic terminals
To examine effects of the loss of endogenous BDNF in single neurons on the formation or proliferation of GABAergic synapses, we analyzed the distribution of GAD65-positive boutons with immunohistochemistry. GAD65 is known as a presynaptic marker of GABAergic synapses. In fact, almost all GAD65-positive boutons around the soma of cortical neurons were confirmed to be accompanied by GABA A receptors at the soma surface (data not shown). Also, axons of GABAergic neurons, in particular those of basket neurons, are known to terminate mostly on soma and bases of dendrites (perisomatic area) (Somogyi, 1998; Chattopadhyaya et al., 2004) . Thus, GAD65-positive boutons in the perisomatic area were taken as a marker of inhibitory synapses. We also observed that most of the GAD65-positive boutons were colocalized with TrkBpositive puncta (data now shown).
To evaluate effects of the loss of BDNF on GABAergic synapses, we counted the number of GAD65-positive boutons in the somatic area of BDNF-KO cells and compared these values with those of the neighboring control cells that were innervated by the same GABAergic neurons. To confirm that the two neurons were innervated by the same GABAergic neuron, biocytin was injected into a fast-spiking neuron, which was assumed to be GABAergic (Kawaguchi and Kubota, 1997; Markram et al., 2004) . Subsequently this biocytin-injected cell was confirmed to be GABAergic based on immunoreactivity to anti-GAD65 antibody. Representative results are shown in Figure  3 . A GFP-positive, BDNF-KO cell (marked by square C) was contacted by axons of a large basket cell (marked by rectangle B), which was filled with biocytin ( Fig. 3A) . This biocytin-injected cell was GABAergic, because it was GAD65 positive (Fig. 3B) . Each image in Figure 3C1 -D2 represents a projection of a z-stack of stained images across the GFP-positive neuron (C1,C2) and a neighboring GFP-negative neuron (D1, D2), which were both innervated by axons of the same biocytin-injected basket cell. As seen in C1 and C2, the number of GAD65-positive boutons of the biocytin-injected neuron across the somatic area of the BDNF-KO neuron was only four, whereas the number of such boutons across the somatic area of the neighboring control neuron was 13 (D1, D2). In these images, GAD65-positive but biocytin-negative boutons were also seen in the soma area of the neurons. These boutons were probably derived from other GABAergic neurons. The total number of GAD65-positive boutons across the soma of the control neuron (22) was again larger than that (10) of the BDNF-KO neuron. We also counted the total number of GAD65-positive axonal boutons across the soma of the neurons that were located far (Ͼ200 m) from the BDNF-KO neurons and outside the territory of neurites of the biocytin-injected neurons (image not shown, but see Fig. 3 E, F,  rightmost columns) .
The quantitative data obtained from eight slices are shown in Figure 3 , E and F. The stack numbers of GAD65-and biocytinpositive boutons across the somas of the BDNF-KO and nearby control neurons that were both innervated by the same GABAergic neurons were 4.1 Ϯ 0.5/cell (mean Ϯ SEM) and 11.5 Ϯ 0.9/ cell, respectively (Fig. 3E , hatched part of the left two columns). The difference between the two values was statistically significant (paired t test, p Ͻ 0.01). The total numbers of GAD65-positive boutons that included axon terminals of other GABAergic neurons were 12.1 Ϯ 0.7/cell and 21.6 Ϯ 1.1/cell, respectively, for the BDNF-KO and near-control cells. The difference between these two values was again statistically significant (paired t test, p Ͻ 0.01). The total number of GAD65-positive boutons across the somas of the eight far-located (Ͼ200 m) neurons was 21.1 Ϯ 1.0/cell. This value was nearly the same as the total number of GAD65-positive boutons across the soma of the near-control cells.
There is a possibility that such a small number of GABAergic boutons across the soma of the BDNF-KO neurons might be ascribable to the small size of their somas. To test this possibility, we measured the areas of the soma of the GFP-positive neurons and near-control neurons, which were both innervated by the same GABAergic neurons and those of the far-control neurons. As shown in Figure 3F , the mean value of the soma area of the former neurons (135 Ϯ 13 m 2 ) was almost the same as those of the near-and far-control neurons (138 Ϯ 13 and 136 Ϯ 11 m 2 , respectively).
As seen in Figure 3A , there is a high possibility that BDNF-KO cells and neighboring control cells are innervated at least in part by the same GABAergic neurons. To increase the number of analyzed cells in most of the experiments, we therefore counted the number of GAD65-positive boutons around the somas of BDNF-KO neurons and neighboring control neurons without biocytin injection into fast-spiking neurons. Without biocytin staining, GAD65-positive boutons in the soma area were sometimes seen vaguely because of superposition with stained soma. To avoid such ambiguity, we counted the boutons in the perisomatic region only at the single confocal section at the maximum diameter of each soma. As shown in Figure 4 , the number of GAD65-positive boutons in the confocal section at the maximum diameter of the soma was proportional to that of the total number of z-stack of GABAergic boutons. The correlation between the two values was statistically significant (r ϭ 0.715; n ϭ 24; p Ͻ 0.001). In the subsequent analysis, therefore, we counted the number of perisomatic boutons in BDNF-KO and neighboring control neurons.
In this analysis, we also found that the number of GAD65-positive boutons around the soma of BDNF-KO neurons was reduced. An example obtained from these experiments is shown in Figure 5 . It is seen that the number of GAD65-positive puncta around the soma of GFP-positive, BDNF-KO neurons was only three at the single plane (Fig. 5C, green arrows) , whereas that around the soma of a neighboring GFP-negative neuron was six (Fig. 5C, white arrows) . Such a difference in the number of GAD65-positive puncta was confirmed by the group analysis of the data obtained from 15 slices of transgenic mice (Fig. 5D) . The mean number of GAD65-positive terminals at the soma of the 15 GFP-positive neurons was 4.7 Ϯ 0.6/cell, whereas that of the neighboring neurons was 7.7 Ϯ 1.4/cell. The difference between these two values was statistically significant (paired t test, p Ͻ 0.02). We also measured the area of the soma of the 15 GFPpositive neurons and neighboring GFP-negative neurons. As shown in Figure 5E , the mean value of the soma area of the former neurons (126 Ϯ 10 m 2 ) was not significantly different from that of the latter neurons (130 Ϯ 7 m 2 ). There is another possibility that the biolistic transfection by gene guns and the overexpressions of GFP and Cre might have impaired the infected neurons so that the number of GAD65-positive boutons was reduced. To test this possibility, we further made the analysis in slices of wild-type mice, which were transfected with GFP cDNA and Cre recombinase using gene guns as in the slices of transgenic mice. In the slices obtained from wildtype mice, there was no significant difference in the number of GAD65-positive puncta around the soma between GFP-positive neurons and neighboring GFP-negative neurons (Fig. 6C , white vs green arrows). The group analysis indicated that the mean number of puncta of 18 GFP-positive neurons was 6.5 Ϯ 1.6/cell, which was not significantly different from that (6.2 Ϯ 1.3/cell) of the neighboring GFP-negative neurons. Also, the mean value of the soma area of GFP-positive neurons (129 Ϯ 7 m 2 ) was not significantly different from that of near-control neurons (133 Ϯ 6 m 2 ). The results shown in Figures 3-6 suggest the following two possibilities: the deletion of endogenous BDNF in single neurons resulted in an impairment of the formation or proliferation of GABAergic synapses or in a loss of the once formed GABAergic synapses. To distinguish these two possibilities, we immunohistochemically stained untransfected cortical slices of transgenic mice with anti-GAD65 antibody at 6, 9, 12, and 15 DIV. As shown in Figure 7 , the mean number of GAD65-positive boutons around the soma of neurons was 2.1 Ϯ 0.3/cell at 6 DIV and increased almost linearly to 7.6 Ϯ 0.5/cell at 15 DIV. These results suggest that the reduced number of GAD-positive boutons around the GFP-positive neurons in transfected slices may be ascribable to an impairment of the formation or proliferation of GABAergic synapses.
Local reduction of functional inhibitory synapses
To examine whether the number of functional inhibitory synapses to BDNF-KO neurons was actually decreased or not, we recorded mIPSCs from both GFP-positive and -negative neurons at 13-15 DIV. The input resistance and resting membrane potentials were 421 Ϯ 20 M⍀ and Ϫ67.5 Ϯ 3.2 mV for seven GFP-positive cells and 448 Ϯ 38 M⍀ and Ϫ66.4 Ϯ 3.7 mV for five GFP-negative cells, respectively. These membrane properties were not significantly different between the two groups of cells. It is known that the frequency of mIPSCs is related to the total number of functional inhibitory synapses. We found that the frequency of mIPSCs in a GFP-positive, BDNF-KO neuron was very low compared with that of a GFPnegative neighboring neuron (Fig. 8 A) . In contrast, the amplitude of mIPSCs was not distinguishably different between the two groups of neurons. The group data from these two groups of neurons of transgenic mice are shown in Figure 8 , C and D (left two columns of each). It is obvious that the mean amplitude of mIPSCs of seven BDNF-KO neurons (14.7 Ϯ 2.4 pA) was not significantly different from that of neighboring control neurons (17.5 Ϯ 2.7 pA), whereas the mean frequency of mIPSCs of the former neurons (7.5 Ϯ 2.9/s) was significantly ( p Ͻ 0.05, paired t test) lower than that of the latter neurons (17.0 Ϯ 4.3/s). To exclude a possibility that such a change might be ascribable to the introduction of GFP and Cre recombinase into neurons, mIPSCs were recorded from slices obtained from wild-type mice, which were transfected with GFP cDNA and Cre recombinase (Fig. 8 B) . No obvious difference in the amplitude and frequency of mIPSCs was detected between GFP-positive and neighboring GFPnegative neurons. This was confirmed in the group analysis of the amplitude and frequency of both groups of neurons from wild-type mice (Fig. 8, C and D, right two columns of each). The mean amplitude and frequency of mIPSCs of 12 GFPpositive neurons (16.3 Ϯ 1.5 pA and 19.3 Ϯ 5.4/s, respectively) were not significantly different from those of GFPnegative neurons (14.9 Ϯ 0.8 pA and 18.0 Ϯ 5.3/s, respectively).
No difference in dendritic morphology between BDNF-KO and control neurons
To further test the possibility that BDNF-KO neurons might have poor dendrites so that the frequency of mIPSCs was lower than that of neighboring control neurons, we quantitatively analyzed the dendritic morphology of these two groups of neurons. As exemplified in Figure 9 , A and B, the complexity of the dendritic arborization of the two groups of neurons seemed to be similar. This was confirmed by the quantitative analysis of the three parameters of dendrites. The mean total lengths of dendrites of the BDNF-KO and neighboring control neurons were 1302.9 Ϯ 73.7 and 1325.2 Ϯ 143.7 m (n ϭ 5 for each), respectively. The mean numbers of dendritic branch points of the two groups of neurons were 17.0 Ϯ 3.3 and 17.6 Ϯ 0.9, respectively. The mean numbers of primary dendrites of the two groups of neurons were 4.4 Ϯ 0.7 and 4.2 Ϯ 0.9, respectively. In any of these three parameters, there was no significant difference between the two groups of neurons (unpaired t test, p Ͼ 0.05). 
Discussion
Reduction in the number of GABAergic synapses on BDNF-KO neurons
In the present study, we demonstrated that the number of GABAergic presynaptic terminals on the soma of excitatory neurons in layer II/III of the visual cortex was reduced when these target neurons did not produce BDNF. This reduction in the number of presynaptic terminals was not ascribable to the possible shrinkage of the soma of the BDNF-KO neurons, because the size of their somas was not smaller than that of the neighboring control neurons (Figs. 3F, 5E ).
GABAergic synapses are known to locate not only on soma but also on proximal dendrites and axon hillock of pyramidal neurons (Somogyi, 1998) . In the present study, we did not observe GABAergic synapses on dendrites and axon hillock of pyramidal neurons, because it was difficult to visualize GABAergic presynaptic terminals on the whole dendritic tree and axon. Nevertheless, the present observations suggest that the number of functional GABAergic synapses on the whole BDNF-KO neuron was reduced, because the mean frequency of mIPSCs of BDNF-KO neurons was lower than that of neighboring control neurons. The reduction in the frequency of mIPSCs can be regarded as reflecting the decrease in the number of functional GABAergic synapses. There is a possibility, however, that such a reduction in the frequency might be attributable to the shrinkage of dendrites of the BDNF-KO neurons, because a previous study suggested a possibility for BDNF to regulate dendritic growth of excitatory neurons by autocrine loop (Kokaia et al., 1993; Miranda et al., 1993; Horch et al., 1999; Kohara et al., 2003) . This possibility seems unlikely, however, because the numbers of primary dendrites and dendritic branch points and the total length of dendrites of BDNF-KO neurons were not significantly reduced from those of neighboring control neurons.
There is another possibility that the reduction of mIPSC frequency observed in the BDNF-KO neurons might be ascribable to alterations in release probability, because previous studies using cultured hippocampal neurons reported that the application of exogenous BDNF led to a higher pairedpulse depression, reflecting the increased vesicle depletion (Baldelli et al., 2002) and to an enhancement of GABA release probability (Baldelli et al., 2005) . In solitary neurons cultured from visual cortex, however, it was reported that the application of BDNF did not change the paired-pulse ratio of evoked IPSCs but increased the frequency of mIPSCs (Palizvan et al., 2004) . Although the observation of paired pulse ratio alone is not enough to conclude no involvement of presynaptic sites, there might be a regional difference in the BDNF action on the release probability of GABA between hippocampus and visual cortex. In summary, it seems reasonable to conclude that the reduced frequency of mIPSCs of BDNF-KO neurons may in part at least reflect the decreased number of GABAergic terminals around their somas.
Thus, the present morphological and physiological results suggest that the reduction in the number of GABAergic presynaptic terminals on the soma of BDNF-KO neurons reflect the decrease in the number of functional GABAergic synapses on the whole excitatory neuron.
Local action of endogenous BDNF
Because GABAergic neurons do not have mRNA of BDNF and, thus, do not produce BDNF by themselves (Ernfors et al., 1990; Cellerino et al., 1996; Rocamora et al., 1996; Gorba and Wahle, 1999) , the transfer of BDNF from excitatory neurons that are known to produce BDNF (Yan et al., 1997; Friedman et al., 1998) may be crucial for development of GABAergic synapses. This transfer is suggested to be dependent on activity of excitatory neurons (Kohara et al., 2001) . As mentioned in Introduction and seen in Figure 3A , the morphological observations that single GABAergic neurons in the cortex innervate many excitatory neurons through extensive axon branches raise two possibilities of modes of BDNF action: a global action on all GABAergic synapses innervated by single inhibitory neurons or a local action only on GABAergic synapses attaching to active excitatory neurons (Fig.  10) . The present results that BDNF-KO neurons suffered from the reduction in the number of GABAergic synapses on their soma whereas neighboring control neurons did not show such a change suggest that the second possibility is more likely. If the first possibility were the case, GABAergic synapses on neighboring excitatory neurons also should have suffered from the reduction.
This suggestion seems consistent with the previous finding that the potentiating action of BDNF on Xenopus neuromuscular synapses in culture is spatially restricted to nearby synapses located very close to a BDNF application site (Zhang and Poo, 2002) . It was further reported that the localized effect of BDNF requires protein synthesis within activated sites of presynaptic axons (Zhang and Poo, 2002 ). Thus, it seems possible to assume that the activated BDNF-TrkB signaling system in GABAergic presynaptic terminals contacting active excitatory neurons triggers protein synthesis machinery so as to locally proliferate GABAergic synapses.
The present results further suggest that locally released BDNF from target excitatory neurons might attract GABAergic growth cones and resulted in the increase in the number of GABAergic synapses, because exogenously applied BDNF was reported to attract axonal growth cones in vitro (Song et al., 1997; Ming et al., 2002; Li et al., 2005) . Thus, a loss of retrograde transfer of BDNF from postsynaptic excitatory neurons might impair the formation of functional GABAergic synapses in layer II/III of visual cortex, because previous studies in hippocampal neurons suggested that BDNF transferred retrogradely from excitatory neurons to GABAergic neurons promotes dendritic growth of the latter neurons (Marty et al., 1996 (Marty et al., , 1997 . Kojima et al., 2001; Lever et al., 2001; Gartner and Staiger, 2002) , the proliferous action of BDNF on GABAergic synapses is assumed to be activity dependent. It is suggested that the maturation of GABAergic synapses regulates the beginning of the critical period during which visual cortical neurons are highly sensitive to an alteration in inputs (Hensch et al., 1998) . Furthermore, an overexpression of BDNF induces a precocious critical period in mouse visual cortex probably through its action on GABAergic synapses (Hanover et al., 1999; Huang et al., 1999) . Thus, it is possible to suggest that the activitydependent action of endogenous BDNF on GABAergic synapses may promote their maturation so as to play a role in the onset of the critical period of the developing visual cortex.
Feasibility of the single-cell gene knock-out method
Finally, it is to be noted that the single-cell gene knock-out method used in the present study is a useful tool to elucidate a local action of a given bioactive molecule at the single-cell level. Although conditional knock-out systems using Cre-loxP and specific promoter have been developed to reveal functions of target proteins in a given brain region and/or at a given timing (Tsien et al., 1996; Minichiello et al., 1999; Iwasato et al., 2000; Xu et al., 2000a,b) , it is difficult to elucidate a local action of the target protein on particular synapses of given neuronal circuits at the single-cell level. We previously developed "chimera cell culture" prepared from different type of transgenic mice to elucidate a transcellular action of a given molecule (Kohara et al., 2003) . However, this method is applicable only to cell culture preparations, which lose laminated structures of the visual cortex. Conversely, with the present single-cell gene knock-out method in slice culture preparations, it is easy to make single neurons in which particular molecules are lacking in visually identifiable circuits. In fact, we successfully demonstrated that the formation or proliferation of GABAergic synapses is locally regulated by BDNF, which is produced in target neurons.
